and Alberola-Ila, 1998). The signal is transduced in two steps: first, of most relevance to this work, the tyrosine phosphorylation of the cytoplasmic domains of recepTanita Casci, † Javier Vinó s, † group of seven alleles suppressed the rough eye caused
The effects of a 50% reduction in sty S73 or sty S88 on excess or reduced signaling through Egfr are shown. The effects were scored in the eye and, where applicable, also in the wing (the sevenless driver does not express in the wing). ''ϩϩ'', strong enhancement; ''ϩ'', weak enhancement; ''ϪϪ'', strong suppression; ''Ϫ'', weak suppression. N/A, not applicable. N/D, not determined.
Egfr signaling. We found that this complementation group is allelic to sprouty; it also maps to 63D1-2 on the third chromosome. All seven alleles fail to complement the pupal lethality of a sprouty null mutation (sty ⌬5 ) (Hacohen et al., 1998) and exhibit the sprouty embryonic tracheal phenotype (data not shown); finally, sty ⌬5 suppresses argos overexpression (data not shown).
Sprouty is an inhibitor of FGF receptor signaling and was proposed to be an extracellular factor (Hacohen et al., 1998). To exclude that the genetic interactions we detected could be the result of an unknown function of the Fgfr in the eye, we removed the two Drosophila Fgfrs (encoded by the breathless and heartless genes) during eye development. Mitotic clones in the eye that were homozygous for amorphic alleles of either gene were wild type (data not shown), demonstrating that the interactions we see in the eye cannot be attributed to Sprouty acting on the Fgfrs.
Further genetic tests provide evidence that Sprouty interacts specifically with the Egfr pathway. First, halving the dose of sprouty strongly enhances the rough eye caused by the misexpression of rhomboid ( Figures  1C and 1D ), a specific activator of Egfr signaling (Bier et mildly rough eyes ( Figure 1I ), caused by a slight overre- 
Sprouty Regulates Cell Recruitment in the Eye
The Egfr is the principal trigger of cell recruitment in the eye (Freeman, 1996) , and, consistent with this, we found by overexpressing Argos, the Egfr inhibitor ( Figures 1A  and 1B) . This suppression indicates that the gene deSprouty to be an important negative regulator of this process. Ommatidia in sprouty Ϫ mitotic clones have too fined by this complementation group is an inhibitor of the imaginal discs of these sty S73 /sty S88 transheterozygotes ( Figure 2B ). The earliest stages of ommatidial differentiation look normal when eye imaginal discs are stained with a ubiquitous neural marker, anti-Elav. Extra recruitment is first apparent with the transformation of some of the "mystery cells" to photoreceptors and becomes more pronounced at the stage when R7 photoreceptors are recruited. At this stage, many cells normally destined to become cone cells instead adopt a neural fate. No excess R8s (which are morphologically similar to R7s in the adult eye) were seen in imaginal discs stained with anti-Boss, an R8-specific antibody, confirming that the excess photoreceptors in the adult are indeed R7s ( Figure 2C) .
As predicted for a suppressor of Egfr signaling, excess recruitment in the eyes of sprouty mutants is not confined to photoreceptors. sprouty Ϫ pupal retinas also have extra non-photoreceptor cells-the cone and pigment cells ( Figure 2D ). In wild-type eyes, there are four cone cells per ommatidium, compared to an average of 4.86 (n ϭ 100) in sprouty S73 mutants, and two primary pigment cells per ommatidium, compared to 2.26 (n ϭ 100) in sprouty S73 mutants. sty
S73
/sty S88 mutant adults also have extra wing vein material ( Figure 2E ), another phenotype associated with excess Egfr activity.
Overexpression of sprouty Mimics Loss of Egfr Signaling
Genetic evidence indicates that Sprouty is an inhibitor of Egfr signaling and thus of cell recruitment. We further tested this by overexpressing sprouty in the developing of Egfr-mediated events in imaginal disc development. ). The overrecruitment phenotype in the adult eyes of these flies is indistinguishable when Egfr signaling is blocked (with a dominant-negative form of the receptor) and an increased number of from the clones described above (data not shown).
To examine the origins of the excess cells, we studied cells expressing sprouty in the presence of an activated 
Sprouty Functions Cell Autonomously in R7
form of the receptor (Figures 4C and 4D) . These results By examining mosaic ommatidia, it is possible to ask in the eye are consistent with our observations (data whether a sprouty mutant cell itself adopts an inappropriate fate (a cell-autonomous function) or whether the not shown) that sprouty expression also follows, and is (Chou and Perrimon, 1996) . No sprouty Ϫ eggs are pro- (Freeman, 1996) . The double mucells, even after alkaline washes, demonstrating that it tant clone allowed us to ask whether absence of Sprouty is indeed tightly associated with the plasma membrane is sufficient to convert a cell into an R7. Hacohen et al.
( Figure 5C ). (1998) found sprouty to behave nonautonomously in the Immunostaining transfected S2 cells showed Sproutytrachea. In contrast, we found that sprouty acts strictly HA localized principally at the plasma membrane and cell autonomously in R7 cells. In sev d2 ommatidia mosaic also at some discrete internal structures to which the for sprouty, all R7s are sprouty Ϫ (n ϭ 160). Ommatidia Egfr also localizes; we take these to be membrane-surwere found where the only sprouty Ϫ cell is the R7, imrounded organelles. Sprouty-HA immunostaining did plying that absence of Sprouty in a cell can be sufficient not, however, precisely colocalize with immunostaining to transform it into an R7, even when all its neighbors against the external domain of the Egfr; instead, it apare sprouty ϩ (Figure 4F, arrowhead) . peared consistently more internal ( Figure 5A ). Crucially, both N-and C-terminally tagged Sprouty could be immunostained only in the presence of detergent, which Sprouty Inhibits Signaling by the Torso RTK Our results demonstrate that Sprouty inhibits the Egfr permeabilizes the lipid bilayer of the plasma membrane ( Figure 5A ). In a control experiment, the extracellular, as well as the Fgfr. We next investigated whether it might also regulate other RTKs such as Torso, an unrelated but not the intracellular, domain of the Egfr can be detected in the absence of detergent ( Figure 5B ). We also RTK that triggers the development of terminal structures in the developing embryo (Casanova and Struhl, 1989).
found that Sprouty could not be labeled by a surface biotinylation reaction that does modify other extracelluWe found that Sprouty does influence Torso signaling: halving sprouty allows the development of terminal lar proteins (data not shown). Taken together, these results indicate that Sprouty is tightly associated with structures in embryos laid by mothers homozygous for either a temperature-sensitive mutation of torso or for the intracellular face of the plasma membrane. Our data contrast with the previous suggestion that a hypomorphic allele of trunk, a proposed Torso ligand (Casanova et al., 1995) (see Table 2 Figure 5D ). We then tested whether the potenphenotype. To test whether the true embryonic sprouty null phenotype was being masked by a maternal contritial glycosylation sites can be glycosylated if Sprouty is forced into the secretory pathway. The putative signal bution of Sprouty to the embryo, we generated germline clones of sprouty using the FLP-DFS selection system peptide sequence proposed by Hacohen et al. (1998) of the constitutive Egfr (Figures 6C and 6D) . These interactions indicate that Sprouty acts downstream of (or parallel to) the Egfr, but upstream of Ras1 and Raf. (and the presumed leader sequence N-terminal to this domain) was substituted with the Argos signal peptide,
Sprouty Binds to Members of the Ras Pathway which is known to work on heterologous proteins
We wanted to test whether Sprouty interacts physically (Howes et al., 1998). The chimeric protein was sensitive with other proteins in the Ras pathway. Both full-length to tunicamycin (Figure 5D ), indicating that the potential Sprouty and a truncated Sprouty containing residues sites in Sprouty are susceptible to glycosylation if the 1-369 (i.e., without the cys-rich domain and C-terminal protein is preceded by a signal peptide. However, as residues) were fused to GST and assayed for their ability we have shown that these sites are not normally glycosyto bind in vitro translated members of the Ras pathway lated, we conclude that Sprouty does not contain a func-( Figure 7A ). We detected strong interactions between tional signal peptide and hence does not normally enter Sprouty and Drk, an SH2-SH3 containing adaptor prothe secretory pathway. In another experiment (data not tein homologous to mammalian Grb2 (Olivier et al., 1993; shown), we found that the cell surface localization of Simon et al., 1993) , and between Sprouty and Gap1, a Sprouty was not affected by brefeldin-A, a drug that Ras GTPase-activating protein (Gaul et al., 1992) . No disrupts the secretory pathway (and thus the localization interactions were seen between Sprouty and several of proteins that pass through it including, in our controls, other proteins involved in the Ras pathway: Sos, Dos, the Egfr). Our data therefore show unambiguously that Csw, Ras1, Raf, and Leo (14-3-3). Fgfr signaling. The simplest explanation of why sprouty Ϫ embryos do not show earlier and more dramatic phenotypes (caused by excess RTK signaling by, for example, whether it might instead target the protein to the plasma the Egfr and Torso) is that they are rescued by maternally membrane. To test this, we expressed in S2 cells two derived Sprouty. We were, however, unable to test this truncated forms of Sprouty-HA. Sprouty⌬C lacks the prediction, as the requirement for Sprouty during oogenconserved cysteine-rich domain, whereas SproutyC esis stopped us from obtaining sprouty Ϫ germline clones. comprises exclusively the cysteine-rich domain. SproutyC
Within the wing and eye imaginal discs, the phenotypes is membrane associated ( Figure 7B ) and is indistinguishof loss or gain of sprouty are consistent with our knowlable from the wild-type protein (see Figure 5A) . In sharp edge of RTK and Ras signaling in development. Thus, contrast, Sprouty⌬C is distributed uniformly throughout in the wing, sprouty loss causes excess vein formation, the cell ( Figure 7C) , with no specific localization to memand its overexpression leads to a striking loss of veins; branes. Cell fractionation confirms this: Sprouty⌬C is these phenotypes reflect Egfr misregulation (Díaz-Benonly found in the soluble fraction, whereas SproutyC is jumea and Garcia-Bellido, 1990; Sturtevant et al., 1993). confined to the membrane pellet ( Figure 7D) naling by the Ras pathway in mammalian cells has been Germline clones were induced by the FLP-DFS technique (Chou P Element Transformation Both N-terminal and C-terminal tagged versions of Sprouty (deand Perrimon, 1996). Third instar larvae of the genotype w hsflp;ovoD3L FRT2A/sprouty FRT2A were heatshocked at 38ЊC for scribed above) were subcloned into the pUAST vector (Brand and Perrimon, 1993) and transformed into flies by standard tech-1 hr and again 24 hr later. Virgin F1 females were mated to balanced sprouty males, and overnight embryo collections were made. When niques. The two transformant classes were phenotypically indistinguishable. either sprouty ⌬5 or sprouty S73 was removed from the female germline, we were unable to obtain any sprouty eggs.
